ABSTRACT Large, multisubunit Ccr4-Not complexes are evolutionarily conserved global regulators of gene expression. Deletion of CCR4 or several components of Ccr4-Not complexes results in abnormally large cells. Since yeast must attain a critical cell size at Start to commit to division, the large size of ccr4D cells implies that they may have a size-specific proliferation defect. Overexpression of CLN1, CLN2, CLN3, and SWI4 reduces the size of ccr4D cells, suggesting that ccr4D cells have a G 1 -phase cyclin deficiency. In support of this, we find that CLN1 and CLN2 expression and budding are delayed in ccr4D cells. Moreover, overexpression of CCR4 advances the timing of CLN1 expression, promotes premature budding, and reduces cell size. Genetic analyses suggest that Ccr4 functions independently of Cln3 and downstream of Bck2. Thus, like cln3Dbck2D double deletions, cln3Dccr4D cells are also inviable. However, deletion of Whi5, a transcriptional repressor of CLN1 and CLN2, restores viability. We find that Ccr4 negatively regulates the half-life of WHI5 mRNAs, and we conclude that, by modulating the stability of WHI5 mRNAs, Ccr4 influences the size-dependent timing of G 1 -phase cyclin transcription.
C CR4-NOT complexes have multiple subunits and diverse functions involved in the global control of mRNA expression (reviewed in Denis and Chen 2003; Collart and Timmers 2004) . These large complexes contain at least nine core components: Ccr4, Caf1, Caf40, Caf130, and five Not proteins (reviewed in Denis and Chen 2003; Collart and Timmers 2004) . Importantly, genes for all of these components are conserved in humans (Denis and Chen 2003; Collart and Timmers 2004) . Ccr4-Not complexes are involved in both gene activation and repression (Collart and Struhl 1994; Liu et al. 1998) . Since the yeast CCR4 gene encodes a cytoplasmic deadenylase (Chen et al. 2002; Tucker et al. 2002) whose activity is intimately involved in mRNA degradation, the diverse roles of Ccr4-Not complexes in regulating gene expression may be predominately due to changes in mRNA half-lives.
Components of Ccr4-Not complexes have long been tangentially associated with cell cycle control. For example, two core components, Not1 and Not2, were initially isolated as yeast cell division cycle (cdc) mutants (e.g., cdc39 and cdc36) that arrest cells in G 1 -phase at the restrictive temperature (Reed 1980 ). In addition, many Ccr4-Not complex components associate or interact genetically with gene products with known cell cycle roles (e.g., Clb2, Cdc73, Dbf2, Paf1, and Sic1) (Liu et al. 1997; Chang et al. 1999; Gavin et al. 2002; Pan et al. 2006) . Also, recent evidence has implicated Ccr4 and Caf1 in the DNA replication checkpoint (Woolstencroft et al. 2006) . Moreover, Ccr4-Not complex components appear to be essential for G 1 -phase cell cycle transition in irradiated cells (Westmoreland et al. 2004) . Nevertheless, the mechanistic relationship between Ccr4-Not complexes and cell cycle control remains to be fully elucidated.
In yeast, cell cycle progression is primarily controlled at the G 1 /S-phase transition at a point called Start (reviewed in Cross 1995; Futcher 1996; Bloom and Cross 2007) . Importantly, the basic yeast cell cycle machinery involved in regulating Start, including the G 1 -phase cyclin-dependent kinases (Cdks) that promote cell cycle progression, is highly conserved in mammalian cells (reviewed in Sherr and Roberts 2004; Cooper 2006) . In yeast, cells must attain a minimum cell size to progress past Start (reviewed in Rupes 2002; Jorgensen and Tyers 2004) . Two constitutively expressed yeast proteins, Cln3 and Bck2, function equivalently in mammalian cyclin D and couple cell cycle progression to the attainment of a minimum cell size. As cells near the critical cell size requirement for Start, Cln3 and Bck2 activate the transcription of the downstream G 1 -phase cyclins CLN1 and CLN2 (Tyers et al. 1993; Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995) . Of interest, overexpression of CLN3 or BCK2 causes premature CLN1 and CLN2 transcription, advances Start, 1 and produces abnormally small cells (Tyers et al. 1993; Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995) . In contrast, loss of Cln3 or Bck2 function delays Start, CLN1, and CLN2 expression and results in unusually large cells (Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995; Wijnen and Futcher 1999) . In addition, cln3Dbck2D double mutants are inviable and arrest as large unbudded G 1 -phase cells (Epstein and Cross 1994; Wijnen and Futcher 1999) . Despite their essential role in initiating CLN1 and CLN2 transcription, the mechanism whereby Cln3's and Bck2's activity is modulated by cell size is not known.
To elucidate the genetic pathways involved in cell size control, others and we conducted systematic genomewide genetic screens ( Jorgensen et al. 2002; Zhang et al. 2002) . Notably, the yeast equivalent of the pRB tumor suppressor gene was identified from these screens ( Jorgensen et al. 2002; Zhang et al. 2002; Costanzo et al. 2004; De Bruin et al. 2004 ). This protein, Whi5, functions synonymously with pRb to suppress G 1 -phase cyclin expression, despite the fact that it is not a sequence homolog ( Jorgensen et al. 2002; Zhang et al. 2002; Costanzo et al. 2004; De Bruin et al. 2004) . Therefore, loss of Whi5 function results in premature CLN1 and CLN2 expression, which in turn advances cell cycle progression, leading to abnormally small cells. Importantly, loss of Whi5 restores viability to cln3Dbck2D double mutants ( Jorgensen et al. 2002; Zhang et al. 2002; Costanzo et al. 2004; De Bruin et al. 2004) . Analogously, in mammalian cells, loss of pRB restores viability to cells lacking all cyclin D genes (reviewed in Sherr and Roberts 2004) .
In addition to gene deletions that make cells small, gene deletions that result in abnormally large cells have also been identified ( Jorgensen et al. 2002; Zhang et al. 2002) . Interestingly, a large number of these genes encode or associate with components of Ccr4-Not complexes (e.g., CCR4, PAF1, HPR1, CAF1, and others) ( Jorgensen et al. 2002; Zhang et al. 2002) . While data indicate that loss of function of a number of gene products associated with Ccr4 (e.g., paf1, ctr9, cdc73, and cdc68) alters G 1 -phase cyclin expression, a similar function for Ccr4 has not yet been identified (Reed et al. 1988; Rowley et al. 1991; Chang et al. 1999; Koch et al. 1999; Porter et al. 2002) . On the basis of these observations and the similarity between the large-cell phenotype of ccr4D cells and cln3D or bck2D cells, the goal of this work was to test the hypothesis that Ccr4 modulates cell size by regulating CLN1 and CLN2 expression.
In this study, we report that Ccr4 assists in coordinating cell cycle progression with the attainment of a critical cell size by modulating the timing of G 1 -phase cyclin gene expression. Here we show that Ccr4 negatively regulates the half-life of WHI5 mRNAs. By a strikingly analogous mechanism, human Ccr4 and the BTG2 tumor suppressor inhibit cyclin D1 transcription via pRb, and mouse Ccr4 regulates the half-life of p27 mRNAs (Tirone 2001; Morita et al. 2007) . These mechanistic similarities further solidify a highly conserved cell cycle role for Ccr4.
MATERIALS AND METHODS
Growth of yeast strains and media: All strains used in this work are diploids derived from S288c (Table 1 ). All deletions are full open reading frame (ORF) deletions (Winzeler et al. 1999) . Yeast cultures were grown in YEP-based media prepared as previously described . After autoclaving, sterile filtered carbon sources were added to a final concentration of 2% (e.g., YEP 1 2% glucose aka YPD). To induce ectopic overexpression, strains transformed with galactoseinducible contructs were grown in YEP supplemented with 1% raffinose and 1% galactose (YEPRG). For time-course experiments, yeast cultures were inoculated at $1 3 10 6 cells/ml in the appropriate media and grown in a shaking incubator at 30°for 12-24 hr. Samples were taken at regular intervals to determine cell concentration and cell size distributions as described below. Mean cell size was determined by averaging the size of cells from four to six Coulter Channelyzer samples taken from cultures in mid-log phase.
Cell cycle synchronizations and cell size analyses: Centrifugal elutriation was used for cell cycle synchronizations as previously described (Day et al. 2004; Schneider et al. 2004) . Fractions containing the smallest unbudded cells were collected, pelleted, and resuspended in fresh medium. Samples were taken at regular intervals during the course of the experiment, and cell size and cell cycle progression was measured as a function of the percentage of budded cells. To determine budding indices, a minimum of 200 cells were counted on a Zeiss Axiolab microscope, and the average percentage of budded cells was confirmed in at least two independent experiments. Flow cytometry was used to assess cell cycle distributions as previously described (Day et al. 2004; Schneider et al. 2004) .
To determine cell concentrations and cell size distributions, 0.1-ml culture samples were resuspended in 10 ml of Isoton buffer, briefly sonicated, and immediately analyzed using a Coulter Counter Channelyzer (model Z2). Coulter Accucomp Z2 (version 3.01a) was used to analyze cell size and cell concentration data. Average cell sizes are given as the geometric mean and data were exported into 86 bins for analysis and plotting in Microsoft Excel. In figures illustrating Coulter Counter Channelyzer cell size data, normalized cell numbers are plotted as a function of mean cell size. Paired, two-tailed t-test analyses were used to determine statistical significance.
Yeast transformation, sporulation, and tetrad dissection: Standard yeast genetic techniques were used to transform cells or to combine genetic deletions (Ausubel 1987) . Zygotes were sporulated in 3 ml of sporulation medium (1% potassium acetate, 0.005% zinc acetate) for 3-7 days at 30°. Tetrads were dissected with a Singer MSM Series 300 micromanipulator, and spores were placed on YPD plates and incubated at 30°for 3-5 days. Spore phenotypes were determined by their ability to grow on selective plates and deduced genotypes were confirmed by PCR. Yeast genomic DNA for PCR reactions was prepared as previously described (Ausubel 1987) .
Recombinant DNA techniques: Escherichia coli transformations, plasmid extractions, restriction digestions, and molecular cloning techniques were conducted using standard protocols as previously described (Ausubel 1987) . Plasmids used in this work are listed in Table 2 . To make a GAL-CCR4 construct, oligonucleotides were designed for the amplification of the complete open reading frame. Specific sequences and plasmid maps are available upon request. Oligonucleotides for primers were synthesized by Sigma-Genosys and reconstituted in distilled water to a final concentration of 100 mm. A typical 100-ml PCR reaction contained 10 ng of DNA template, 2-5 units of Pfu polymerase (Stratagene, La Jolla, CA), 100 pmol of each primer, 1 ml of 25 mm dNTPs, and 10 ml 103 Pfu buffer. Typical reactions had 30 cycles consisting of denaturation for 1 min at 95°, annealing at 50°-58°for 1 min, and a 1-to 3-min extension at 72°(1 min for a 1-kb fragment) performed with an Eppendorf Mastercycler. For cloning or DNA labeling purposes, DNA fragments from endonuclease digestions were separated with 1% agarose gels with 0.5 mg/ml ethidium bromide. Gels were run in Tris-acetate EDTA buffer, and DNA fragments of expected sizes were extracted from the gel with QIAEX kits (QIAGEN, Valencia, CA) following the manufacturer's instructions. Molecular cloning was accomplished using the pYES2.1 TOPO TA expression kit (Invitrogen, San Diego) following manufacturer's instructions. Appropriate expression from GAL-CCR4 constructs was confirmed by Northern analysis and by their ability to rescue cell size defects of ccr4D cells.
Northern analysis of yeast RNAs: To isolate total RNA, logphase yeast cells were quickly chilled on ice and washed once with ice-cold water before being frozen at À80°for at least 1 hr. Pellets were resuspended in 600 ml of TES buffer (100 mm Tris, 10 mm EDTA, 0.2% SDS, pH 7.5) and 400 ml of waterequilibrated phenol. The mixture was heated to 65°, vortexed vigorously for 10 sec, and then incubated at 65°for 45 min with an occasional inversion. Subsequently, tubes were chilled on ice for 1 min and centrifuged at 4°at 14,000 3 g for 5 min. The aqueous phase was transferred to microcentrifuge tubes and vortexed with another 400 ml of water-equilibrated phenol for 10 sec. This was repeated twice before the aqueous phase was precipitated with 2 vol of ice-cold ethanol and 0.1 vol of Isogenic to BY4743, except for cln1TkanmxTLEU2 cln2TKanMX This work bck2D ccr4D
Isogenic to BY4743, except for bck2TKanMX ccr4TKanMX This work cln1D ccr4D
Isogenic to BY4743, except for cln1TkanmxTLEU2 ccr4TKanMX This work cln2D ccr4D
Isogenic to BY4743, except for cln2TKanMX ccr4TKanMX This work mbp1D ccr4D
Isogenic to BY4743, except for mbp1TKanMX ccr4TKanMX This work swi4D ccr4D
Isogenic to BY4743, except for swi4TKanMX ccr4TKanMX This work whi5D
Isogenic to BY4743, except for whi5TNAT This work whi5D ccr4D
Isogenic to BY4743, except for whi5TNAT ccr4TKanMX This work whi54D ccr4D cln3D
Isogenic to BY4743, except for whi5TNAT ccr4TKanMX cln3TLEU2 This work a All strains are homozygous gene deletions and are abbreviated in the text such that bck2D/bck2D is labeled either bck2À/À or bck2D. Strains where more than one ORF was deleted with KanMX were confirmed by PCR. sodium acetate. Following incubation at À20°for at least 30 min, tubes were centrifuged at 4°at 14,000 3 g for 10 min. Pellets were dissolved in 50 ml DEPC H 2 O, washed with 70% ethanol, and air dried on ice. RNA samples were diluted $500-fold and quantitated by UV absorbance at 260 nm with a SmartSpec 3000 (Bio-Rad, Hercules, CA). An OD of 1.0 at 260 nm was equivalent to 40 mg/ml RNA.
For Northern analysis, 7.5 mg of RNA was added to 17.5 ml of RNA loading buffer (12.5 mm MOPS, pH 7.1, 2.5 mm sodium acetate, 0.25 mm EDTA, 3.1% formaldehyde, 25% formamide, 2% glycerol dye, 4 mg/ml bromphenol blue, 4 mg/ml xylene blue, and 50 mg/ml ethidium bromide) and heated to 60°for 10 min. Samples were loaded onto a 1% agarose gel containing 6.7% formaldehyde and run at 100 V for several hours at 4°. Gels were soaked in distilled H 2 O for 30 min to remove formaldehyde, and RNAs were transferred onto nylon membranes (Hybond N1, Amersham, Piscataway, NJ) with the VacuGene XL vacuum blotting system (Pharmacia, Piscataway, NJ) according to the manufacturer's instructions. Wet membranes were then UV-crosslinked with 150 mJ UV exposure in a GS Gene Linker UV chamber (Bio-Rad) before prehybridization with 25 ml of Church buffer (0.3 m Na 2 HPO 4 , pH 7.2, and 6.25% SDS) at 65°for at least 1 hr in a hybridization oven (Amersham Pharmacia).
Probes for Northern analysis were obtained by PCR and by restriction digestion of plasmids containing the open reading frame of the CLN1, CLN2, CCR4, or ACT1 genes. Specific sequences and plasmid maps are available upon request. To radiolabel probes, 100 ng of the probe were boiled and labeled with ½a-32 PdCTP (deoxycytosine 59-½a-32 P triphosphate 3000 Ci/mmol, MP Biomedicals), following the protocol of the Prime-A-Gene kit (Promega, Madison, WI). Subsequently, labeled probes were boiled for 5 min to denature the DNA and chilled on ice immediately before being added to 10 ml of prewarmed Church buffer [7% w/v SDS, 0.1% w/v BSA (fraction V, Sigma), 0.1 mm EDTA, and 0.25 m Na 2 HPO 4 , pH 7.2] at 65°. Probes were incubated with membranes overnight at 65°. Membranes were washed twice with 13 SSC plus 0.1% SDS before being exposed to a blank phosphorimager screen (Molecular Probes, Eugene, OR) that was scanned with the 9410 Typhoon Scanner (Amersham Phamacia). Images were digitally stored and quantitated with the FluorChem 2.0 spot densitometry analysis program (Alpha Innotech). To control for loading, CLN mRNA signals were normalized to the ACT1 mRNA.
RESULTS
Ccr4 is involved in cell size homeostasis: Log-phase diploid wild-type cells (BY4743) from the S288c background display an average cell size of 92 6 1 fl in rich medium containing glucose when measured over a time course ( Figure 1A ). Under the same conditions, the size of diploid ccr4D cells is significantly larger (106 6 4 fl; P ¼ 0.0005), similar in size to diploid bck2D cells (110 6 5 fl) but not as large as diploid cln3D cells (128 6 10 fl) ( Figure 1A ). As cells exit log phase and enter a nonproliferative phase in saturated cultures, the average size of cells decreases. Nonetheless, saturated cultures of ccr4D diploid cells are considerably larger than wild-type cells (62 6 3 fl as compared to 50 6 4 fl) ( Figure 1B) . The striking size similarities (P ¼ 0.2) between ccr4D and bck2D cells suggest that Ccr4 may modulate cell size via a mechanism related to Bck2 or Cln3 ( Figure 1C ).
Induced expression of CLN1 or CLN2 reduces the size of ccr4D cells: Because delayed or reduced CLN1 and CLN2 expression produces abnormally large cells (Tyers et al. 1993; Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995) , we examined the ability of induced CLN1 or CLN2 expression (e.g., using a galactose-inducible vector) to rescue the ccr4D large-cell phenotype. First, we confirmed that ccr4D cells are significantly larger than wild-type cells in rich medium containing galactose ( Figure 2A) . Next, we found that overexpression of CLN1 or CLN2 reduced the cell size of ccr4D cells ( Figure 2B ) (e.g., 85 6 3 or 83 6 4 fl for GAL-CLN1 and GAL-CLN2, respectively, as compared to 94 6 6 fl for control cells). The upstream transcription factor SWI4 is intimately involved in CLN1 and CLN2 transcription (Nasmyth and Dirick 1991; Di Como et al. 1995) . Indicating that Swi4 is still functional in ccr4D cells, GAL-SWI4 decreased the size of ccr4D cells to 83 6 2fl ( Figure 2C ). Because ectopic expression of the other two major G 1 -phase transcription factors, Mbp1 and Swi6, does not reduce cell size, they were not tested in this manner. These observations suggest that ccr4D cells are abnormally large due to a Cln1/Cln2 deficiency.
Start and CLN transcription is delayed in ccr4D cells: Because Bck2 induces CLN1 and CLN2 transcription (Di Como et al. 1995) , and on the basis of the similar size phenotypes between ccr4D and bck2D cells, the relationship between Ccr4 and CLN1 and CLN2 transcription was investigated. Northern analysis revealed that the levels of CLN1 and CLN2 mRNAs were only modestly reduced in ccr4D cells ( Figure 3A) , suggesting that decreased CLN1 and CLN2 mRNA expression levels were unlikely to be the reason that ccr4D cells are unusually large.
Since CLN1 and CLN2 transcription is considerably delayed in bck2D or cln3D cells (Tyers et al. 1993; Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995) , we tested the hypothesis that delayed CLN1 and CLN2 transcription could account for the increased cell size of ccr4D cells. Using centrifugal elutriation to obtain similar-sized synchronized cells, we found that initiation of budding was delayed 8-10 fl in ccr4D cells compared to wild-type cells ( Figure 3B ). Moreover, initiation of CLN1 and CLN2 transcription was comparably delayed in ccr4D cells compared to wild-type diploid cells (Figures 3, C and D) . As seen in log-phase cultures, maximal CLN1 and CLN2 mRNA levels were only modestly reduced in ccr4D cells compared to wildtype cells (Figures 3, A and C-E) . S-phase entry and progression was somewhat delayed in ccr4D cells but budding was not delayed as much (Figure 3, B and F) .
Ectopic overexpression of CCR4 makes cells small: To rule out that an indirect mechanism was delaying G 1 -phase cyclin expression to produce large cells, we investigated whether overexpression of CCR4 could reduce cell size. Importantly, we found that overexpression of CCR4 significantly (P ¼ 0.002) decreased the size of wild-type cells compared to controls (Figures 4, A and  B) . Moreover, overexpression of CCR4 and CLN1 similarly decreased the size of wild-type cells ( Figure 4C ). In fact, time-course experiments revealed that induced GAL-CCR4 expression reduced cell size more than GAL-BCK2 and nearly as much as GAL-CLN3 constructs Figure 2 .-Ectopic overexpression of CLN1 and SWI4 reduces the size of ccr4D cells. Coulter counter plots of midlog-phase cells from YEPRG grown cultures indicate that ccr4D cells (94 6 6 fl) are considerably larger than wild-type cells (76 6 7 fl). However, there is no discernible size difference between ccr4D cells and ccr4D cells transformed with control plasmid (e.g., an empty GAL-promoter construct) (A). In contrast, overexpression of CLN1 (B) and SWI4 (C) reduces the size of ccr4D cells. The mean cell sizes of diploid wild-type cells transformed with control plasmid, GAL-CLN1, or GAL-SWI4 grown in YEPRG as described were 94 6 6, 85 6 3, and 83 6 2 fl, respectively. Similar data (83 6 4 fl) were obtained with overexpression of CLN2 (not shown). Statistical analysis indicated that all conditions were significantly different: ccr4D 1 GAL-SWI4 (P ¼ 0.05), ccr4D 1 GAL-CLN1 (P ¼ 0.04), and ccr4D 1 GAL-CLN2 (P ¼ 0.02).
Figure 3.-CLN1 and CLN2 mRNA expression is delayed in cells lacking CCR4. Total RNA isolated from mid-log-phase wild-type and ccr4D YPD cultures was analyzed by Northern analysis. Blots were hybridized with CLN1 and CLN2 probes. ACT1 probes were used as loading controls. Quantitation revealed that CLN1 and CLN2 levels were reduced only 22 and 15%, respectively, in ccr4D cells compared to wild type. (A). Diploid wild-type and ccr4D cells were grown to mid-log phase in YPD at 25°, and centrifugal elutriation was used to isolate small, unbudded G 1 -phase cells. Following elutriation, cells were resuspended in fresh medium at 25°and time points were taken every 15 min. The percentage of budded cells is plotted as a function of cell size (B). Total RNA was isolated from the elutriation fractions. Blots from wild-type cells (C) and ccr4D cells (D) were hybridized with CLN1 and CLN2 probes. ACT1 probes were used as loading controls. Cell size and the percentage of budded cells are given for comparison. Northerns were quantitated and CLN1/ACT1 ratios were plotted as a function of cell size (E). Flow cytometry was used to monitor cell cycle progression from a similar experiment. Analysis of data reveals that, in ccr4D cells, $50% of cells have progressed past G 1 -phase when cells are 75-79 fl, while in wild-type cells this happens at $73 fl (F). compared to controls ( Figure 4D ). However, mutations that disrupted Ccr4's deadenylase activity compromised the ability of ectopically overexpressed CCR4 to decrease cell size (data not shown). As a whole, these results suggest that Ccr4 appears to have an active role in cell size control.
Ectopic overexpression of CCR4 advances the timing of CLN transcription: Because overexpression of CCR4 reduces the size of wild-type cells (Figure 4) , we investigated whether this was due to the induction of higher-than-normal levels of CLN1 or CLN2 mRNAs. However, we found that constitutive expression of GAL-CCR4 constructs reduced the size of wild-type cells without notably changing the steady-state levels of CLN1 or CLN2 mRNAs in log-phase cells ( Figure 5A and data not shown). One possible explanation for this result is that Ccr4 may predominately affect the timing of CLN1 and CLN2 expression. Indeed, elutriation experiments comparing ccr4D cells to wild-type cells suggest that Ccr4 is required for timely CLN1 and CLN2 transcription (Figure 3, C-E) . To test this possibility directly, we examined how GAL-CCR4 affected the timing of CLN1 transcription in synchronized cultures. When cells were grown under conditions where GAL-CCR4 was induced continuously, elutriation of a GAL-CCR4 strain yielded cells that were 13-14 fL smaller than control cells ( Figure 5B ). Importantly, in cells constitutively overexpressing CCR4, CLN1 expression was first detected and reached maximal levels in smaller cells compared to wild-type controls ( Figure 5C ). For example, quantitation of Northern data revealed that, in GAL-CCR4 cells, CLN1 mRNA was first detected in cells 28 fl in volume and reached maximal levels in 40-fl cells. In contrast, in wild-type cells, similar levels of CLN1 expression were first detected in cells 40 fl in volume and reached maximal levels in 52-fl cells ( Figure 5C ). Premature CLN1, and presumably CLN2, transcription is likely the reason that GAL-CCR4 advanced budding and produced small cells ( Figure 5B ). Because constitutive GAL-CCR4 expression could produce small cells via cycle effects outside of G 1 -phase, we examined the effect of induced GAL-CCR4 expression on cell cycle progression. To do so, we used centrifugal elutriation to obtain similarly sized synchronized fractions of cells from strains containing either GAL-CCR4 or a control vector under noninducing conditions. Subsequently, each fraction was transferred to a medium containing galactose. Under these conditions, we found that the induced expression of GAL-CCR4 advanced the initiation of budding only $5-7 fl ( Figure 5D ). Induced expression of CCR4 similarly advanced CLN1 transcription ( Figure 5E ). Thus, induced CCR4 expression was about half as effective as was constitutive expression. In Figure 4 .-Ectopic overexpression of CCR4 reduces cell size. Coulter counter plots of mid-log-phase cells from YEPRG grown cultures indicate that there is no size difference between untransformed wild-type cells and wild-type cells transformed with control plasmid (e.g., an empty GAL-promoter construct) (A). In contrast, overexpression of CCR4 results in small cells (B). Northern analysis was used to confirm CCR4 overexpression (see Figure 5A ). Similar results were obtained with several independent galactose-inducible CCR4 constructs and found to be comparable to effects seen with GAL-CLN1 constructs (C). The mean cell sizes of diploid wild-type cells transformed with control plasmid, GAL-CCR4, GAL-CLN3, or GAL-BCK2 grown in YEPRG as described were plotted as a function of cell number (D). Figure 5 .-Ectopic overexpression of CCR4 modulates the timing of CLN1 and CLN2 expression. Total RNA isolated from the indicated YEPRG grown mid-log-phase cultures was analyzed by Northern analysis. Blots were hybridized with CLN1 and CCR4 probes, and ACT1 probes were used as loading controls (A). RNA from saturated wild-type cultures (WT sat) were used as a negative control because CLN1 is not expressed under these conditions. RNA from cells transformed with GAL-CLN1 constructs (WT 1 GAL-CLN1) and GAL-CCR4 constructs (WT 1 GAL-CCR4) were used as positive controls. ACT1 levels are considerably lower in saturated cultures despite even loading. Quantitation revealed that GAL-CCR4 elevated CLN1 and CLN2 (data not shown) levels only very modestly ($8% higher). Diploid wild-type cells transformed with GAL-CCR4 constructs or control plasmids were grown to mid-log phase in YEPRG, and centrifugal elutriation was used to isolate small, unbudded G 1 -phase cells. Following elutriation, cells were resuspended in YEPRG fresh medium and regular time points were taken. The percentage of budded cells was plotted as a function of cell size (B). Total RNA was isolated from the elutriation fractions. Blots with RNA from wild-type cells transformed with GAL-CCR4 constructs or control plasmids were hybridized with CLN1 and CCR4 probes. ACT1 probes were used as loading controls. Northerns were quantitated and CLN1/ACT1 ratios were plotted as a function of cell size (C). To determine the effect of induced GAL-CCR4 in similarly sized synchronized cells, cultures were grown in ÀURA glucose for 12 hr and then transferred to ÀURA raffinose until mid-log phase. Subsequently, centrifugal elutriation was used to isolate small, unbudded G 1 -phase cells. Following elutriation, cells were resuspended in YEPRG fresh medium and regular time points were taken. The percentage of budded cells was plotted as a function of cell size (D). Total RNA was isolated from the elutriation fractions. Blots with RNA from wild-type cells transformed with GAL-CCR4 constructs or control plasmids were hybridized with CLN1 and CCR4 probes. CCR4 this respect, induced GAL-CCR4 expression also only modestly advanced S-phase as compared to control ( Figure 5F and data not shown). However, in combination with the premature initiation of budding, this is probably sufficient to account for the observed smallcell-size phenotype. The observation that constitutive CCR4 expression has a stronger phenotype than does CCR4 induced in G 1 -phase suggests a cell size function for Ccr4 outside of G 1 -phase.
Ccr4 functions within cell-size-dependent cell cycle pathways: Because Cln3 and Bck2 activate CLN1 and CLN2 transcription in a size-dependent manner, we assessed the ability of ectopically expressed CLN3 or BCK2 to reduce the size of ccr4D cells. While the induced expression of GAL-CLN3 ( Figure 6A ) or the deletion of WHI5 ( Figure 6B ) reduced the size of ccr4D cells, GAL-BCK2 did not ( Figure 6C ). These data suggest that Ccr4 functions independently of Cln3 and downstream of Bck2.
By combining multiple deletions, we examined genetic interactions between CCR4 and genes in the Cln3 and Bck2 genetic pathways. The cell size of ccr4Dbck2D, ccr4Dcln1D, ccr4Dcln2D, and ccr4Dswi4D double mutants were similar to single ccr4D cells (Table 3) . However, ccr4Dcln3D, ccr4Dswi6D, and ccr4Dcln1D cln2D combinations were inviable (Table 3) , similar to the inviability of bck2Dcln3D, bck2Dswi6D, and cln1Dcln2Dcln3D combinations (Epstein and Cross 1994; Di Como et al. 1995; Wijnen and Futcher 1999) . These data further support the hypothesis that Ccr4 functions downstream of Bck2 and independently of Cln3. Moreover, we found that overexpression of CCR4 was unable to reduce the size of Figure 6 .-Ccr4 functions upstream of Whi5, Cln1, and Cln2. Coulter counter plots of mid-logphase cells from YEPRGgrown cultures indicate that overexpression of CLN3 (A) or deletion of WHI5 (B) reduces the size of ccr4D cells. In contrast, overexpression of BCK2 fails to reduce the size of ccr4D cells (C). Finally, GAL-CCR4 failed to reduce the size of whi5D cells (D) or cln1Dcln2D cells in log-phase YEPRG-grown cultures (E), indicating that Ccr4 functions upstream of Whi5, Cln1, and Cln2.
probes were used to confirm overexpression. ACT1 probes were used as loading controls. CLN1 mRNA expression levels were quantitated and CLN1/ACT1 ratios were plotted as a function of cell size (E). To determine the effect of induced GAL-CCR4, cultures were grown in YEPR and galactose was added to 1% for 3 hr. Flow cytometry analysis revealed that neither induction of GAL-CCR4 nor deletion of CCR4 had strong effects on cell cycle distributions (F). Quantitation revealed that in wild-type cultures 21, 30, and 49% of cells were in G 1 -, S-, or G 2 /M-phase. In GAL-CCR4 cultures, 30, 18, and 52% of cells were in G 1 -, S-, or G 2 / M-phase while in ccr4D cells these numbers were 43, 12, and 45% (F).
whi5D or cln1Dcln2D cells (Figure 6 , D and E). Because bck2Dcln3Dwhi5D cells are viable (Costanzo et al. 2004; De Bruin et al. 2004) , we examined whether deletion of WHI5 could analogously restore viability to ccr4Dcln3D cells. It was found that ccr4Dcln3Dwhi5D cells were viable, and while larger than normal, ccr4Dcln3Dwhi5D cells have near-normal proliferation rates (data not shown). These data suggest that, like Cln3, Ccr4 might inhibit Whi5 function. Specifically, we hypothesized that the deadenylase activity of Ccr4 may modulate the halflife of WHI5 mRNAs. By examining the half-life of WHI5 mRNAs, we found that, in the absence of Ccr4, WHI5's mRNA half-life increased .10-fold compared to controls (e.g., from $1-2 min in the presence of Ccr4 to 10-15 min in the absence of Ccr4) (Figure 7 , A-C). Since overexpression of WHI5 is lethal in cln3D cells (Costanzo et al. 2004) , it might be similarly lethal in ccr4D cells. Indeed, using a cell growth assay and timelapse photography, we found that overexpression of GAL-WHI5-GFP inhibited proliferation ( Figure 7D ) and led to cell lysis in ccr4D but not in wild-type cells (data not shown). Taken together, data presented here suggest that Ccr4 regulates the size-dependent timing of CLN1 and CLN2 mRNA expression by modulating the half-life of WHI5 mRNAs.
DISCUSSION
A role for Ccr4 in cell size regulation: Cln3 and Bck2, two constitutively expressed proteins, link cell growth to proliferation by coupling CLN1 and CLN2 transcription to the attainment of a minimum cell size (Tyers et al. 1993; Epstein and Cross 1994; Di Como et al. 1995; Dirick et al. 1995) . When cells attain a minimum cell size, Cln3-Cdc28 complexes phosphorylate Whi5, the yeast equivalent of the pRb tumor suppressor gene, to promote CLN1 and CLN2 transcription (Costanzo et al. 2004; De Bruin et al. 2004) . In contrast, the mechanistic relationship between Bck2 and Whi5 is not understood nor is it known how Bck2 activates CLN1 and CLN2 transcription. Moreover, the elucidation of Bck2's function is hampered by the lack of a mammalian homolog. However, the conservation of function between basic cell cycle machinery suggests that analyses that shed light on mechanisms of Bck2 and Cln3 action in yeast are likely to also elucidate cell cycle control in mammalian cells. Like bck2D or cln3D cells, ccr4D cells are very large. Thus, the objective of this work was to determine if Ccr4 functions within the Cln3-or Bck2-dependent cell cycle control pathways.
In examining this hypothesis, we demonstrated that ccr4D cells have delayed CLN1 and CLN2 expression. The ability of ectopically expressed CLN1, CLN2, or SWI4 to rescue the large-cell phenotype of ccr4D cells suggests that a Cln1 and Cln2 deficiency accounts for the cell size defect. In addition, ectopic overexpression of CCR4 reduced cell size by advancing CLN1 and CLN2 mRNA transcription. Moreover, our data suggest that, by modulating the size-dependent timing of CLN1 and CLN2 mRNA transcription, Ccr4 has dramatic effects on the initiation of budding. Importantly, GAL-CCR4 failed to reduce the size of either cln1Dcln2D or whi5D cells. This infers that Cln1, Cln2, and Whi5 are downstream targets of Ccr4. Our data suggest that Ccr4 modulates cell size by negatively regulating the stability of WHI5 mRNAs. Interestingly, we found that constitutive overexpression of CCR4 has a stronger phenotype than does induced G 1 -phase expression. Whi5 is also constitutively expressed and localized to the nucleus in late G 2 -phase (Costanzo et al. 2004; Di Taliaet al. 2007 ). Thus, continuously overexpressed Ccr4 should destabilize WHI5 mRNAs throughout the cell cycle and reduce the levels of Whi5 available to accumulate in nucleus. In this manner, starting with low levels of Whi5 may be more effective in promoting premature G 1 -phase cyclin expression than destabilizing WHI5 mRNAs in G 1 -phase.
A new working model: Prior to this work, it had been shown that loss-of-function mutations in the Ccr4-interacting proteins Paf1 and Ctr9 decrease CLN1 and CLN2 transcription (Chang et al. 1999; Koch et al. 1999; Porter et al. 2002) . In addition, recent evidence has implicated Ccr4 in the DNA replication checkpoint where it regulates the mRNA poly(A) tail length of the Crt1 transcriptional repressor (Westmoreland et al. 2004; Woolstencroft et al. 2006) . Furthermore, CCR4 has been identified as a gene required for the G 1 -phase cell cycle transition in irradiated cells (Westmoreland et al. 2004; Woolstencroft et al. 2006) . Finally, Ccr4 To examine genetic interactions, diploid cells with the indicated gene deletions were created and mid-log-phase YPD-grown cells were sized. Averages are the result of multiple independent measurements. SD, standard deviation.
a From the dissection of 126 tetrads (100 from 1/cln3DT LEU21/whi5DTNAT 1/bck2DTkanmxTURA3 1/ccr4D:KanMX heterozygotes and 26 from 1/ccr4D:KanMX 1/cln3D:KanMX heterozygotes), no viable ccr4Dcln3D spores were obtained.
b A total of 49 tetrads were dissected and no viable ccr4Dswi6D spores were obtained.
c A total of 40 tetrads were dissected and no viable ccr4Dcln1Dcln2D spores were obtained.
interacts with Skn7, a protein that can promote CLN1 and CLN2 expression (Morgan et al. 1995; Lenssen et al. 2007) . However, to date, no direct interaction between Ccr4 and G 1 -phase cyclin expression has been demonstrated. On the basis of the data presented here, we propose a new working model incorporating Ccr4 into known cell cycle control pathways (Figure 8 ). We suggest that Bck2 inhibits Whi5 activity via a mechanism dependent upon Ccr4. This conclusion is supported by the observations that CCR4 is epistatic to BCK2. For example, bck2Dccr4D cells are comparable in size to ccr4D cells and GAL-BCK2 is unable to rescue the ccr4D large-cell phenotype. Further, we find that deletion of CCR4 phenocopies overexpression of WHI5. For example, GAL-WHI5 inhibits the growth of cln3D, swi6D, and cln1Dcln2D cells, but not of bck2D cells (Costanzo et al. 2004; De Bruin et al. 2004) . We have shown that the very same gene deletions are synthetically lethal with ccr4D. These data suggest that Whi5 is a downstream target of Ccr4. In support of this, we have shown that the half-life of the WHI5 mRNAs is 10-fold shorter in the presence of Ccr4. This could provide cells with another sizedependent mechanism, in addition to phosphorylation by Cln3-Cdc28 complexes, for lowering levels of the Whi5 transcriptional repressor.
The genetic architecture of our working model (Figure 8 ) helps explain many of the known synthetic lethal observations. For example, we suggest that bck2Dcln3D and ccr4Dcln3D double mutants are inviable due to an excess of Whi5. In contrast, bck2Dccr4D or GAL-WHI5 bck2D are viable because Cln3-Cdc28 can still repress Whi5. This model proposes that deletion of WHI5 would not rescue cln1Dcln2Dcln3D cells, as observed by De Bruin et al. (2004) , because there is no G 1 -phase kinase activity to inhibit Sic1, the B-type Cdk inhibitor. Further, the proposal that Whi5 inhibits CLB5 and CLB6 expression explains how bck2Dcln3Dwhi5D cells are viable while bck2Dcln3Dsic1D cells are not (Wijnen and Futcher 1999; Costanzo et al. 2004; De Bruin et al. 2004 ). In addition, by postulating that Whi5 is Cln3's sole target, this model helps explain why cln1Dcln2Dclb5Dclb6D cells are inviable, but cln1Dcln2D clb5Dclb6Dsic1D cells are viable. Finally, by proposing that Bck2 via Ccr4 decreases the stability of WHI5 mRNAs, this model helps explain how cells deal with mutant versions of Whi5 (e.g., lacking all consensus Cdc28 phosphorylation sites) that should be Cln3 insensitive (Costanzo et al. 2004; De Bruin et al. 2004) . Nonetheless, several important questions remain Figure 7 .-Ccr4 modulates the half-life of WHI5 mRNAs. GAL-WHI5 constructs were transformed in whi5D and whi5Dccr4D cells. Subsequently, cultures were grown to midlog phase in ÀURA medium containing 1% raffinose and 1% galactose. Cells were rapidly centrifuged and resuspended in ÀURA medium containing 2% glucose to repress the GAL-WHI5 construct. Subsequently, cells were harvested over a time course. Total RNA was isolated from each time point. Blots with RNA from cells with (A) or without CCR4 (B) were hybridized with a WHI5 probe. ACT1 probes were used as loading controls. WHI5 mRNA expression levels were quantitated, and the relative WHI5/ACT1 ratios were plotted as a function of time to determine the effects of CCR4 on WHI5 mRNA half-life (C). Analyses revealed that the half-life of WHI5 mRNA was $1 min in the presence of CCR4 compared to $10 min in ccr4D cells. To assess how overexpression of CCR4 affects proliferation, wild type, ccr4D, and cln3D cells were transformed with either GAL-WHI5 or a control vector. Subsequently, cells were serially diluted 10-fold onto either ÀURA glucose (D) or ÀURA RG (E) plates and grown at 30°for 4 days. Analyses revealed that overexpression of WHI5 inhibited proliferation in ccr4D cells almost as much as in cln3D cells as previously reported (Costanzo et al. 2004). unanswered. First, what Whi5-independent mechanism is responsible for repressing CLN1 and CLN2 transcription in G 2 -phase? Second, by what mechanisms are downstream cyclins transcriptionally activated in cln3D bck2Dwhi5D and cln3Dccr4Dwhi5D cells?
Ongoing studies continuously reinforce the concept that the genetic pathways that control cell cycle progression are amazingly complex (reviewed in Rupes 2002; Jorgensen and Tyers 2004; Cooper 2006; Bloom and Cross 2007) . Nonetheless, notable progress has been made in the past few years. In particular, the discovery that Whi5 is the yeast equivalent of the pRB tumor suppressor gene further validates the similarities between yeast and mammalian cell cycle controls (Costanzo et al. 2004; De Bruin et al. 2004) . In addition, the findings that pRB and G 1 -phase cyclins modulate cell size in higher eukaryotes have firmly established that cell size control is not a yeast-specific problem (Ohtsubo and Roberts 1993; Quelle et al. 1993; Sage et al. 2000; Potter and Xu 2001; Fang et al. 2006; Mukherji et al. 2006) . While much of our current understanding regarding the function of Ccr4-Not complexes comes from work in yeast, human data suggest a role for Ccr4 in carcinogenesis. For example, the Ccr4-interacting BTG tumor suppressors downregulate cyclin D levels and inhibit proliferation via a pRb-dependent mechanism (Guardavaccaro et al. 2000; Prevot et al. 2001; Tirone 2001) . Significantly, it has also recently been shown that depletion of Ccr4 in NIH3T3 cells stabilizes the mRNA for the p27 tumor suppressor gene (Morita et al. 2007) . This is remarkably similar to our observation that Ccr4 modulates the timing of G 1 -phase cyclin expression via Whi5. Because Ccr4-Not complexes are highly conserved, elucidation of Ccr4 functions in yeast should continue to help clarify the potential cell cycle roles of Ccr4-Not complexes in mammalian cells. Figure 8 .-A working model. Cln3 and Bck2 promote cell cycle progression via different cell-size-dependent mechanisms. When cells attain the minimum cell size requirement, Cln3-Cdc28 kinase complexes phosphorylate Whi5 to drive it out of the nucleus. In addition, also via a size-dependent mechanism, Bck2 promotes cell cycle progression by stimulating the ability of Ccr4 to destabilize WHI5 mRNAs. This provides cells with a Cln3-independent means for inhibiting Whi5 activity. This model explains how ccr4D cells are abnormally large and why Bck2 is not functional in ccr4D cells. Moreover, because cln3Dccr4D cells are inviable, this model indicates that Bck2 is dependent upon Ccr4 to inhibit Whi5 in the absence of Cln3. This inference is supported by the observations that, like bck2Dswi6D cells, ccr4Dswi6D cells are inviable. Finally, the finding that cln1Dcln2Dccr4D cells, like cln1D cln2clb5Dclb6D cells, are inviable suggests that, in the absence of Cln1 and Cln2, Cln3's ability to induce CLB5 and CLB6 expression is dependent upon Ccr4.
